Certified efficiency of Pb perovskite solar cells with mixed cations is reported to be 19.6% (1 cm 2 ). One of the recent research interests is on enhancing the solar cell efficiency further. Band gap of the present Pb perovskite is about 1.55 eV. Supposing that Voc loss is 0.4 eV, the best efficiency is obtained by using perovskite with about 1.4 eV band gap. One of the candidates for the narrow band gap perovskite material is SnPb mixed metal perovskite. In this paper, the relationship between Voc losses and hetero-interface structures is discussed in detail, leading to the conclusion that hetero-interface structures give serious effects on the solar cell efficiency. It is reported that the efficiency was enhanced from about 5% to 16% after optimization of the hetero-interface structure. In addition, research trend on Pb free perovskite solar cells consisting of Sn or Bi, which is another recent research interest, is also reviewed.
Introduction
Pb-perovskite (Pb-PVK-PV), such as CH 3 KRICT/UNIST) respectively. 9 Pb-perovskite solar cells with small area of 0.046 cm 2 recorded the efficiency of 22.1% (KRICT/ UNIST). The Pb-PVK layer works as light harvesting layer. V oc loss (V loss ) is defined as the difference between the band gap of the perovskite (E opt ) and the open circuit voltage (V oc ) actually observed, as follows.
Since V loss stands for energy loss during the photoelectron conversion, solar cells with low V loss has potential for high efficiency solar cell. In this paper, we focus on the V loss for the evaluation of solar cells. Figure 1 shows the relationship between efficiency and optical band gap (E opt , optical absorption spectrum edge) when V loss was varied, where FF and average IPCE were fixed as 0.75 and 0.9, respectively. We can learn from the simulation that the maximum efficiency shifts to lower band gap (corresponding to the spectrum edge with longer wavelength) as the V loss decreases. It has been reported that V loss of Pb-PVK-PV is approximately 0.4 eV, which is close to that of crystalline silicon (0.3-0.4 eV) and lower than that of CIGS (0.5-0.6 eV).
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Supposing that the V loss for Pb-PVK-PV is 0.4 eV, the maximum efficiency is obtained by employing perovskite with 1.38 eV band gap, which corresponds to around 900 nm optical absorption spectrum edge. Since the optical band gap of MAPbI 3 is around 1.55 eV (corresponding approximately 800 nm optical absorption spectrum edge), perovskite materials harvesting additional light from 800 to 900 nm are needed. Jsc of the former (1.55 eV band gap) is expected to be 24.3 mA/cm 2 , which increases to 30.4 mA/cm 2 for the latter (1.38 eV band gap) as shown in Fig. 1 . Efficiency is also expected to increase from 21.0 to 22.3%. These values were estimated under the condition that FF and IPCE are 0.75 and 0.9 respectively. Therefore, the calculated efficiency increases as these 12,13 One of these approaches for harvesting the near IR region is to use Sn-perovskite (Sn-PVK) and the optical band gap can be optimized by the Sn/Pb ratio. However, efficiency of these mixed metal SnPb-PVK-PV was not satisfactory. In this paper, what causes the low efficiency is discussed from the view point of V loss and hetero interface architectures and the direction to fabricating high efficiency is proposed. In addition, recent research trend for Pb free perovskite solar cells is reviewed.
SnPb Perovskite Solar Cells 14,15
Band gap of Sn perovskite (Sn-PVK) is approximately 1 eV which corresponds to approximately 1200 nm optical absorption spectrum edge. [16] [17] [18] [19] [20] [21] [22] [23] The band gap can be optimized by adding Pb-PVK to the Sn-PVK.
14,15 Figure 2 shows the representative solar cells structure of SnPb mixed metal perovskite solar cells (SnPb-PVK-PV). We have already reported that short circuit current (J sc ) of SnPb-PVK-PV prepared from PbI 2 and SnI 2 mixture (abbreviated as SnPb-1-PV) is over 20 mA/cm 2 , which is almost the same as that of Pb-PVK-PV. By employing PbI 2 (DMSO) 2 and SnI 2 (DMSO) 2 as these precursors (the solar cell is abbreviated as SnPb-2-PV), Jsc was enhanced to 30 mA/cm 2 . The Urbach energy of SnPb-2 layer showed lower energy (20 meV) than that of SnPb-1 (50 meV), suggesting that the former may have lower crystal disordering and defect density than SnPb-1 layer. 24, 25 The grain size of SnPb-2 was much larger than that of SnPb-1, and the former covered the surface of porous titania layer fully as shown in Fig. 3 . They explain why the SnPb-2 PB showed higher Jsc than SnPb-1-PV. V loss of SnPb-1-PV was 0.96 eV (V opt : 1.18 eV, V oc : 0.22 eV) which was larger than that of amorphous Si (V loss : 0.75-0.95 eV). The V loss actually decreased to 0.82 eV (V opt : 1.18 eV, V oc : 0.36 eV) by suppressing these crystal defects and disordering. However, the V loss was still higher than expected. Considering the fact that the Urbach energy of the SnPb-2 was almost the same as that of MAPbI 3 (15 meV), the large V loss was not able to be explained by the crystal disordering. The V loss is also brought approximately by the charge recombination at the hetero-interfaces of solar cells as shown in Fig. 4 . Therefore, we focused on the hetero-interfaces, especially the interface between porous titania and SnPb-PVK layer (A interface in Fig. 4) . We have previously reported that¸Ti-O-Pb-I (see Fig. 5C ) formed between the porous titania surface and Pb-PVK layer (MAPbI 3 ). This deceases the trap density presenting on the titania surface. 29 The results were applied to the interface architecture between porous titania and SnPb-PVK layer.
We concluded that both of¸Ti-O-Sn-I and¸Ti-O-Pb-I are formed at the interface between porous titania and SnPb-PVK layer by using XPS and adsorption experiment done by employing Quartz crystal microbalance (QCM) in solution. The passivation done by Ti-O-Pb-I on the porous titania decreased the surface trap density on the porous titania as described above. However, it was found that¸Ti-O-Sn-I passivation on the porous titania increased the trap density at the surface and the trap density became one order of magnitude larger than that of bare porous titania. The results was opposite to that obtained in the case of¸Ti-O-Pb-I. In order to examine the effect of interlayer of¸Ti-O-Sn-I and¸Ti-O-Pb-I at the interface between porous titania and Pb-PVK layer, three model cells were prepared. The two model cell structures were shown in Fig. 5 . One is TCO glass/compact titania layer/porous titania layer/Pb perovskite layer/SPIRO including Li + and Co 3+ ions/Au. ions/Au. Since, both of (C) and (D) has the same light harvesting material, MAPbI 3 . The difference among these cells is the presence of the interlayer structure,¸Ti-O-Pb-I, or¸Ti-O-Sn-I. Figure 6 shows the results, the relationship between efficiency and passivation time during which titania surface was reacted with SnI 2 or PbI 2 to make¸Ti-O-Sn-I or¸Ti-O-Pb-I passivation interface, respectively. Passivation time 0 corresponds to the first cell described above. It was observed that the efficiency for C cell passivated with PbI 2 forming¸Ti-O-Pb-I increased as the passivation time, however, in the case of SnI 2 passivation, the efficiency of the cell D decreased drastically as the initial stage of the passivation time. The serious efficiency drop for Fig. 5D strongly supports the results obtained by thermally stimulated current, namely, the interface between titania and Sn-PVK creates new traps which make new charge recombination centers and facilitate the charge recombination.
In order to avoid the direct contact between titania and SnPb-PVK layer, PV with thin Y 2 O 3 layer inserted between the interface between the titania layer and PVK layer (abbreviated as SnPb-3-PV) was prepared. This cell showed improved V loss of 0.76 eV (V oc : 0.43 eV). By removing the contact between titania and SnPb-PVK layer, the V oc was enhanced to 0.77 eV and V loss decreased to 0.43 eV which is close to that of 0.44 eV for MAPbI 3 , and the efficiency was enhanced to 16% as shown in Fig. 7 . These details will be reported soon in another paper. Figure 8 summarizes the V loss for SnPb-PBK-PV including inorganic solar cells. V loss for both of Pb-PVK PV and SnPb-PVK solar cell is approximately 0.45 eV which is between CIGS PV and C-Si PV. Our results prove that SnPb-PVK-PV has also potential for high efficiency solar cells.
Recently, efficiency for SnPb-PVK-PV is increasing. Li et al., have reported 13.6% efficinecy. 30 15, 31 13.9, 32 10, 33 and 10% 
Approaches to Pb Free Perovskite Solar Cell
Recently, companies are trying to remove Pb from electronic devices because of environmental problems. In PVK-PV, there is a research trend for removing Pb from the solar cell. Among many researches on Pb free PVK PV, Sn-PVK-PVs show relatively high efficiency. Snaith et al. have reported the Sn-PVK-PV having the following composition. FTO/compactTiO 2 (100 nm)/porousTiO 2 (400 nm)/CH 3 NH 3 SnI 3 /SPIRO(600 nm)/Au. 37 The photovoltaic properties have been reported as follows: PCE = 6.4%, Jsc = 16.8 mA/cm 2 , Voc = 0.88 V, FF = 0.42. The low FF is responsible for the low efficiency, compared to SnPb-PVK-PV. All handling were carried out in a glove box and the cell was encapsulated with polymer film and epoxy resins. Kanatzidis and his coworkers have reported solar cell composed of FTO/compact TiO 2 (30 nm)/porous TiO 2 / CH 3 NH 3 SnI 3¹x Br x /SPIRO/Au. 38 The band edge was controlled by the ratio of I/Br. When the x was 2, 5.73% efficiency has been reported. The cell was encapsulated with glass and hot-melt resin. 
Conclusion
We have applied the results on hetero-interfacial architecture obtained by the research on MAPbI 3 to SnPb-PVK-PV. The interface control was crucial to enhance the efficiency. The interface between titania and SnPb-PVK-PV created the new traps which became charge recombination centers. By avoiding the interface between titania and SnPb-PVK-PV, 16% efficiency was recorded for SnPb-PVK-PV. The potential for the solar cell was evaluated from the view point of V loss . V loss of SnPb-PVK-PV became as low as that of MAPbI 3 after removing the titania/SnPb-PVK layer interface, leading to the conclusion that SnPb-PVK-PV has potential for high efficiency solar cells. Efficiency of Sn-PBK-PV (Pb free) is around 5%. Our results on interface architecture help enhance the efficiency of the Pb-PVK-PV. Some structures of Pb-free perovskite materials have been expected by calculation. The synthesis of these materials is waited for.
